An oligonucleotide that encodes the N-terminal portion of a 41 kDa porin of Serratia marcescens was used to probe S. marcescens UOC-51 genomic DNA. An 11 kb EcoRl fragment which hybridized with the oligonucleotide was subcloned into Escherichia coli, examined for expression, and sequenced. The product expressed by the cloned gene was 40 kDa. The nucleotide sequence has an ORF of 1.13 kb. When the deduced amino acid sequence was aligned and compared to other enterobacterial porins the cloned 5. marcescens porin most closely resembled E. coli OmpC. Although we did not detect osmoregulation or thermoregulation of any porins in 5. marcescens UOC-51, sequences analogous to the E. coli osmoregulator OmpR-binding regions are seen upstream to the cloned gene. We examined the regulation of the 5. marcescens porin in E. coli and found that its expression increased in a high salt environment. A micf gene, whose transcriptional product functions to inhibit synthesis of OmpF by hybridizing with the ompF transcript, was also seen upstream of the 5. marcescens ompC. An alignment with the E. coli micf gene revealed that the functional region of the S. marcescens micF gene is conserved. Based on the results obtained we have determined that S. marcescens UOC-51 produces a 40 kDa porin similar to the E. coli OmpC porin.
INTRODUCTION
The outer membrane of Gram-negative bacteria is a semipermeable barrier to many compounds. The diffusion of small hydrophilic molecules across the outer membrane is possible mainly due to the presence of trimeric protein structures called porins which form membrane-spanning water-filled channels. Porins may be classified into two types : non-specific porins, which allow non-specific diffusion of substrates, and specific porins, which have substrate-binding sites (Nikaido, 1992) . The best characterized enterobacterial porins are OmpF, ( >mpC and PhoE of Escherichia coli. OmpF and OmpC are considered to be non-selective porins and their combined total number present in the membrane is constant while the amount of each one may vary depending on various external factors (Csonka, 1989) . The PhoE porin is anion selective and its gene is induced under phosphate-limiting conditions (Benz e t al., 1984; Overbeeke & Lugtenberg, 1980) . An example of a specific porin is LamR, the The GenBank accession number for t h e sequence reported in this paper is L24960.
maltodextrin-selective porin of E. coli. LamB has a maltose-binding site and its expression, along with other components of the maltose operon, is induced by growth on maltose (Nikaido & Saier, 1992) .
In comparison to the E. coli porins, the porins of Serratia marcescens have not been well characterized. The S.
marcescens outer membrane has at least one porin with an estimated molecular mass of 41 kDa (Malouin etul., 1990 ).
This porin has been shown to fall into the non-selective group, based on black lipid bilayer experiments, and has a calculated pore size of 1.1 nm. Other outer-membrane proteins in the 40 kDa range have been identified and classified as porins based on heat-modifiable mobility changes on SDS-PAGE and differential solubilization in NaCl/SDS/EDTA (Gutmann e t ul., 1985; Hashizume e t al., 1993) . N o specific functional studies have been performed using these putative porins.
A reduction in the production of porins, as determined by SDS-PAGE, has been correlated with an increase in resistance of many Gram-negative bacteria to p-lactam antibiotics and a number of other antibiotics (Bellido e t d., 1992; Chow & Shlaes, 1991 ; Mitsuyama e t al., 1987) .
There have been reports of reduced protein content in the 0001-8517 0 1994 SGM 40 kDa range in the outer membrane of S. marcescens strains cross-resistant to a number of antibiotics (Gutmann e t a Hashizume e t al., 1993) . While the possession of a periplasmic P-lactamase is an effective means of resistance, an outer-membrane barrier together with the presence of a P-lactamase can provide high resistance levels (Sanders, 1992) , thus any alterations in this barrier are worthy of molecular examination.
In order to characterize the S. marcexcens outer-membrane porins and study the role they play in antibiotic resistance we have taken a molecular cloning approach. Here we report the cloning, sequencing and characterization of a 40 kDa porin from S. marcescens. Based on similarities in sequence and gene regulation to E. coli OmpC, we have chosen to call this porin S. marceScens OmpC.
Bacterial strains and growth conditions. Serratia marcescens
UOC-51 is a clinical blood isolate (Hutsul e t al., 1993) . E. coli strain LE392 (supE44 supF58 hsdR514 galK2 galT22 metBI trpR55 l a c y I ) (Bio/Can Scientific) was used for i propagation while E. coli strain NM522 [szlpE thi A(lac-proAB) hsd5 F' (proAB' lacIq lacZAMl5)I (Promega) was used for plasmid manipulations. All strains were grown in Luria broth at 37 "C for DNA manipulations. For osmoregulated-expression studies strains were growtn in L broth modified for low salt (no NaCl added) or high salt (0.3 M NaC1) and at a temperature of 28 "C (Lundrigan & Earhardt, 1984) . Where required, media were supplemented with 100 pg ampicillin ml-'.
Cloning and sequencing. S. marcescens UOC-51 genomic DNA was isolated using the hexadecyltrimethylammonium bromide procedure (Ausubel et al., 1987) . The vector used for library construction was IgtWES . i B (Gibco-BRL). Plaque lifting and alkaline Southern blotting were performed as described previously by Maniatis (1982) and Reed & Mann (1985) . Hybridizations were carried out at 42 "C. The plasmid pTZ19 (Pharmacia) was used for the expression of the cloned gene in E.
coli. For sequencing, fragments were cloned into pBluescript phagemids (Stratagene) and deletion clones created using the Erase-a-Base kit (Promega) as outlined by the manufacturer. Sequencing was performed with single-stranded and doublestranded templates by the Sanger dideoxy method (Sanger etal., 1977) using the Sequenase kit from US Biochemicals and [35S] dATPcrS (DuPont). Oligonucleotides for sequencing were synthesized on an Applied Biosystems 391 DNA synthesizer.
Computer analyses. Sequence analysis was performed with various programs included in the PC/GENE genetic analysis package (Intelligenetics). Sequences were retrieved from the EMBL/GenBank/DDB J nucleotide sequence data libraries using the FETCH program included in BIRCH (Biological Research Computer Heirarchy), a collection of programs set within the framework of the SUN Unix system as compiled by Fristensky (1 991) .
Expression of the cloned porin in E. coli. The S. marcescens porin was expressed in E. coli NM522/p8SX, when grown overnight in L broth. Outer membranes were isolated and purified on a discontinuous sucrose density gradient as described by Malouin e t al. (1990) . T o analyse porin content in the outer membranes after growth of E. coli NM522/p8SX in different osmotic conditions, cell envelopes (Lugtenberg e t al., 1975) were incubated in 2 % (w/v) SDS for 30 min at 37 "C and the SDS-insoluble fraction recovered by ultracentrifugation at l O O O O O g (Nakae, 1976) . Samples were then resuspended in 50 mM Tris/HCl, pH 8.0.
SDSPAGE, Western blotting and immunodetection.
Outermembrane samples were subjected to SDS-PAGE by the Lugtenberg (1975) system at a running concentration of 11 Yo (w/v) polyacrylamide. To be able to distinguish between OmpF and OmpC in the osmoregulated-expression study the samples were run in a urea gel system as described by Uemura & Mizushima (1975) modified to contain 4 M urea. In both cases, all samples were heated to 100 "C for 10 min in 4 vols electrophoresis sample buffer (0.06 M Tris/HCl, pH 6.8, 2 YO, w/v, SDS, 10 7'0, v/v, glycerol, 5 YO, v/v, 2-mercaptoethanol, 0.025 YO Bromophenol blue) before loading. Western blotting was performed as described by Burnette (1981) . Immunodetections were carried out essentially as described by Towbin (1979) using antibodies specific for the S. marcescens 41 kDa porin prepared earlier (Hutsul e t al., 1993) and anti-rabbit IgG peroxidase conjugate (Sigma).
RESULTS

Cloning of the S. marcescens porin
An oligonucleotide (5'-GAAAT$TATAATAAAG-AEGG-3') deduced from the N-terminal amino acid sequence of the S. marcescens 41 kDa porin (Malouin e t al., 1990) was used to probe genomic DNA from S. marcescens UOC-51 in a Southern hybridization. An 11 kb EcoRI fragment hybridized (data not shown). A subgenomic library was then prepared by fractionating EcoRI-digested S. marcescens genomic DNA on a continuous sucrose gradient and ligating fragments in the range 6-12 kb into the arms of the vector, AgtWES.LB. The library was screened using the oligonucleotide above and positive clones with an insert size of 11 kb were obtained. The cloned insert was mapped with restriction endonucleases and hybridized against the oligonucleotide to identify smaller fragments for subcloning. Initially, a 2.1 kb KpnIIBamHI fragment, which hybridized with the oligonucleotide, was subcloned into pTZl9 for further analy- sis. The map of the 11 kb clone, igtS8, is presented in Fig. 1 .
Expression of the cloned S. marcescens porin
Outer membranes were isolated from the E. coli KpnI/BamHI clone p8BK and analysed by SDS-PAGE; however, no expressed protein was detected. This indicated that either a regulatory region and/or some other portion of the gene may be missing from the 2.1 kb KpnIIBamHI fragment, and therefore a larger fragment would be required for complete expression. A 6 kb SstI/XbaI fragment from igtS8 was then selected ; when subcloned into the plasmid pTZ19 it expressed an outermembrane protein in E. coli NM522 with a size of 40 kDa.
This protein also reacted with S. marcescens 41 k D a porin specific antibodies as seen in Fig. 2 . The E. coli porins OmpF and OmpC also react with our antibodies. However, this cross-reaction does not in any way influence the interpretation of the results from this experiment. Such a cross-reaction has been previously demonstrated and is primarily due to the strong conservation of porin structure (Hofstra ~t al., 1980; Hutsul e t al., 1993) .
The cloned J'. marcescens porin gene product, when expressed in the E. coli outer membrane, appeared to run approximately 1 kDa faster than the 41 kDa porin, which was considered to be the major porin found in the S.
stiarcescens outer membrane. This difference in mobility observed in SDS-PAGE may be due to the differences in I,PS from E. coli and S. marcescens since LPS remains tightly associated with porin proteins. Alternatively, we may have cloned another porin. When the 41 k D a porin u'as run on a 4 M urea/SDS-PAGE system it separated into two bands, the lower of which had the same mobility as the cloned product (see Fig. 6 , lane 1). The amount of the 40 kDa porin in the J'. marcescens outer membrane is low, which may make it indistinguishable from the highly The -10 and -35 regions are boxed. The region of E. coli micF that binds to ompF mRNA is also shown. Corresponding putative structures are also underlined in 5. marcescens. denotes conserved bases.
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identified the 40 kDa porin gene in the subgenomic library.
Nucleotide sequence of the cloned 5. rnarcescens porin
The 6 kb SstIIXbaI clone, p8SX, expressing the porin protein was sequenced in both directions using various subclones, deletion clones and synthesized primers. The sequencing strategy is illustrated in Fig. 1 and the nucleotide sequence of the cloned S. marcescens porin and its translation are presented in Fig. 3 . The oligonucleotide probe deduced from the N-terminal sequence used to clone the gene was found to have only 2-4 mismatches present within the degenerate 20 base probe sequence. Amino acid residues 22 to 41 are identical to the Nterminal amino acid sequence determined by Edman degradation of the native protein (Malouin e t al., 1990; Hutsul e t al., 1993) .
The nucleotide sequence contains an ORF of 1128 nucleotides which translates into 376 amino acids, including a 21 -amino-acid signal peptide. A characteristic Shine-Dalgarno sequence, GAGG, can be seen centred approximately 11 bases upstream from the initiation codon. A putative transcription terminator consisting of a hairpin with a free energy of -17 kcal (about -71 k J), followed by a string of T residues, is present downstram from the ORF. The calculated molecular mass of the mature monomer is 39-5 kDa, which is close to the molecular mass of 40 kDa for the native protein estimated by SDS-PAGE.
The regulatory region of the cloned S. marcescens 40 kDa porin gene is very similar to that of the E. coli ompF and nmpC genes. The location of the promoter region of the S. marcescens gene was determined by comparison to the E. coli ompF and ompC upstream sequences and the -10 and -35 sequences were found to be almost identical to that of the E. coli ompC gene. The -10 and -35 regions from these three genes do not follow the consensus sequences well. However, the efficient transcription of the E. coli ompF and ompC genes are controlled by three consecutive &-acting activation sequences upstream from the -35 region, to which the transcriptional activator, OmpR, will bind (Maeda e t al., 1991) . Putative OmpR-binding regions are also found upstream from the -35 region of the S. marcescens 40 kDa porin gene.
Another regulatory element that is found upstream to the E. coli ompC gene is the micF transcript (Mizuno e t al., 1984) . micF is a short RNA transcript, transcribed in the opposite direction from ompC, which can hybridize to the 5' end of the E. coli ompF transcript and subsequently prevent translation of OmpF. The osmoregulation of OmpF and OmpC is not thought to be greatly influenced by the micF transcript. However, micF definitely plays a role in the regulation of OmpF under other conditions (Chou e t al., 1993) . A micF-like sequence is seen upstream of the cloned S. marcescens ompC gene. Fig. 4 illustrates the alignment obtained with the S. marcescens and E. coli micF genes. The secondary structure of E. coli micF includes three hairpin structures, with the last one functioning as a terminator. The S. marcescens micF is similar; however, it does not appear to have an analogous 5' end hairpin. The differences noted between the two micF genes are generally within the secondary structure of the transcript while the region which functions in binding to the ompF transcript is well conserved.
Sequence alignments and comparisons
The protein sequence of the cloned S. marcescens porin was compared and aligned with other enterobacterial porins. The PALIGN program was used to obtain the percentage identity between each porin sequence ( 
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. . . . . . . . ( Fig. 5 ). An important change that can be seen is in the conserved PEFXG motif found in enterobacterial porins. In all other enterobacterial porins X = glycine and the motif is followed by an aspartic acid residue (Jeanteur e t a/., 1991). In the cloned 5'. marceScens porin X = aspartic acid and the motif is followed by a methionine. Only in neisserial porins is X an amino acid other than glycine and the PEFXG motif is followed by a hydrophobic amino acid residue. The cloned S. marcescens porin is only 37% similar to neisserial porins. The PEFXG motif forms a turn in the third external loop of the porin. This loop is important because it is responsible for the size constriction of porin pores by folding down into the pore (Cowan e t a/., 1992). It is also the region where a lysine residue responsible for the anion specificity of PhoE porins is located (Bauer e t a/., 1989). A conserved feature of most outer-membrane proteins, including porins, is a C-terminal phenylalanine (StruyvC e t al., 1991). The terminal phenylalanine is important for the correct assembly of the outer-membrane proteins into the outer membrane. In keeping with this function, the S. marcescens OmpC porin also has a C-terminal phenylalanine.
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Osmoregulation study
When outer membranes were first isolated from E. coli NM522/p8SX, which expresses the S. marcescens cloned porin, we noticed that there appeared to be a decrease in the E. coli OmpF and/or OmpC content in the outer membrane. We decided to examine the effect osmotic strength of the media may have on the expression of the cloned S. marcescens porin as well as the effect the expression of this cloned porin may have, in turn, on the expression of the two E. coli porins. With no added NaCl in the medium the expression of E. coli OmpF is increased over that of the E. coli OmpC (Fig. 6, lane 2) , whereas, in 0.3 M NaCl OmpC is preferentially expressed (Fig. 6 , lane 3), as would be expected (Csonka, 1989) . When the S. marcescens cloned porin is expressed in E. coli, OmpF still exhibits regulation in response to high osmotic strength (Fig. 6 , lane 5), although there is an apparent decrease in the overall content of OmpF in the membrane under both conditions. The amount of E. coli OmpC does not appear to increase in the high salt condition (Fig. 6 , lane 5) when the S. marcescens cloned porin is expressed; however, a slight increase in the amount of the S. marcescens cloned porin is noted in the E. coli NM522/p8SX outer membrane. These results suggest that the OmpR-binding sites, located upstream to the 3. marcescens cloned porin gene, are functional in E. coli NM522. The lower bands seen in lanes 4 and 5 are OmpA which was not removed completely during the porin isolation of these samples.
The E. coli outer membrane has been well characterized and major proteins normally expressed include the osmoregulated OmpF and OmpC porins and the structural protein OmpA. A large body of functional (reviewed in Nikaido, 1992) , regulatory (Waukau & Forst, 1992; Mizuno et al., 1984) and structural (Cowan e t al., 1992) information is available on the E. coli porins. However, the S. marcescens outer membrane has not been as well characterized. Early reports on the S. marcescens outer membrane recognize the presence of two putative porins in the 40 kDa range (Gutmann e t al., 1985; Sawai e t al., 1987) . Malouin e t al. (1990) reported the first functional characterization of a porin isolated from the S. marcescens outer membrane. They described the presence of a single constitutive porin with a molecular mass of 41 kDa and a single channel conductance of 1.6 nS. Recently, Puig e t al. (1993) reported the resolution of three proteins in a urea/SDS-PAGE electrophoresis system. Two of these proteins were regulated by the osmotic strength of the media, suggesting that they may be analogous to the E. coli OmpF and OmpC porins. However, there were no functional data reported to confirm that any of these three proteins were porins. In addition, we no do observe the osmoregulation reported by Puig e t al. (1 993) , although this may be due to differences between the strains used in each study. Here we describe the cloning, sequencing and expression of a porin from S. marcescens UOC-51. This is the first molecular description of a S. marcescens porin.
As determined by the cloning and sequencing of a porin structural gene from S. marcescens UOC-51 genomic DNA we have found that S. marcescens produces a porin with a molecular mass of 39.5 kDa for the mature peptide. OmpR-binding sites found upstream to the S. marcescens porin gene suggest a potential for regulation by a system similar to E. coli EnvZ/OmpR (Waukau & Forst, 1992) . Indeed, we observed that when grown in medium containing high salt (0.3 M NaC1) the concentration of the cloned S. marcescens OmpC porin in E. coli appeared to increase. However, as mentioned earlier, we were unable to detect similar regulation of any outer-membrane proteins in the 40 kDa range in response to either osmotic stress or temperature in S. marcescens UOC-51. There may When aligned with the amino acid sequences of other enterobacterial porins the cloned S. marcescens porin most closely resembles OmpC. The alignments also shorn) that there is a strong conservation between the J' . marcescens OmpC porin and all porins of the Enterobacteriaceae that have been sequenced thus far. This is not surprising since previous studies bp Jeanteur e t al. (1 991) , using sequence alignments, demonstrated the similarities between enterobacterial porins. Also, we previously demonstrated the similarity of porins between Serratia spp. and other Enterobacteriaceae through Southern and Western analyses, N-terminal amino acid sequencing and porin functional analyses (Hutsul e t al., 1993) .
Although considerable similarity has been observed between the S. marcescens OmpC porin and those from the Enterobacteriaceae, we detected a change in a conserved region of the third external loop of the S. marcescens OmpC gene in our sequence alignments. This loop folds down into the pore and serves to constrict the pore size with its bulkiness. At the tip of the loop is a turn formed by the PEFXG motif. The PEFXG motif is seen in all enterobacterial and neisserial porins (Jeanteur ef al., 1991) with X = glycine (G) in those of enterobacterial origin and X = alanine (A) or serine (S) in neisserial porins. The G-G sequence of enterobacterial porins is thought to be conserved because of the unique torsion angles it forms which would aid in the turn formation of the PEFXG region (Cowan e t al., 1992) . In the S. marcescens OmpC the X is aspartate (D) not G, as normally found with the other enterobacterial porins. Aspartic acid is also turn promoting (Paul & Rosenbusch, 1985) , which therefore may not be expected to disrupt the function of the PEFXG motif. This motif is followed by an aspartic acid residue in enterobacterial porins and a hydrophobic phenylalanine residue in neisserial porins (Jeanteur ef al., 1991) . Again the S. marcescens OmpC porin differs from the enterobacterial porins as the motif is followed by the hydrophobic residue methionine. We do not intend to suggest that the S. marcescens 40 kDa porin is more similar to neisserial porins (the average similarity is 37 ' 34) than to enterobacterial porins ; however, the changes seen in this conserved motif may be a reflection of the divergence this porin has taken from other OmpC porins. In addition, these changes may indicate a possible difference in the pore characteristic of the 5'. marcescens porin.
Interest in S. marcescens has increased due to a high incidence of antibiotic resistance in clinical isolates. Alteration of outer-membrane permeability has been implicated as a factor in this resistance. A reduction in the level of outer-membrane proteins, possibly porins, has been observed in antibiotic-resistant strains of S. marcescens, as well as other members of the Enterobacteriaceae.
The gene for the OmpC porin of S. marcescens has now been sequenced which will allow further analyses into its regulation, structure and function, and role in antibiotic resistance.
